Abstract Hepatitis E virus (HEV) is considered the main etiological agent that causes acute hepatitis. It is estimated that 20 million cases occur annually worldwide, reaching mortality rates of 28% in pregnant women. To date, available treatments and vaccines have not been entirely effective. In this study, six antiviral peptides derived from the sequences of porcine Beta-Defensin-2 and bacteriocins Nisin and Subtilosin were generate using in silico tools in order to propose new antiviral agents. Through the use of molecular docking, interactions between the HEV capsid protein and the six new antiviral peptide candidates were evaluated. A peptide of 15 residues derived from Subtilosin showed the best docking energy (-7.0 kcal/mol) with the capsid protein. This is the first report to our knowledge involving a non-well study viral protein interacting with peptides susceptibles to being synthesized, and that could be subsequently evaluated in vitro; moreover, this study provide novel information on the nature of the dimerization pocket of the HEV capsid protein, and could help to understand the first steps in the viral replication cycle, needed for the virus entry to the host cell.
Introduction
Hepatitis E virus (HEV) is considered the most common cause of acute hepatitis and jaundice, especially in developing countries, while in developed countries HEV infections are considered an emerging zoonosis [35] . HEV is a single stranded non-enveloped RNA virus of the Hepeviridae family and it is classified into four genotypes (genotype 1-4), and although it is known that can infect a wide range of vertebrate hosts, domestic pig is considered the main reservoir [18] ; in Colombia, blood and feces from pig slaughterhouses were 100% IgG positives, and a 25% of pig livers sold in grocery stores were found positives for HEV [14, 15] . It is thought that consumption of virus contaminated water, animal products and manipulation of infected animals are the way that farm workers become the more susceptible population [3] reaching a 15.7% of anti-HEV antibodies in some regions of Colombia [16] . It is estimated that one-third of the world population is infected with the HEV and mortality rate is 1%, but the risk increases in pregnant women and immunocompromised patients, in which infection can reach up to 28 and 10%, respectively [11, 18] .
In spite of the availability of a vaccine candidate for HEV, the safety of this vaccine is not fully understood, and it is not accessible worldwide; additionally, there is no specific treatment available [33] , and treatments with Ribavirin and/or pegylated interferon, often administered to patients, have not been entirely effective (Price 2013) , and these treatments are contraindicated in pregnant women and transplanted patients [11] . For these reasons, in its 2012 bulletin, the World Hepatitis Program of the World Health Organization (WHO), emphasized the need to maintain an active search for new therapeutic agents that would be easily accessible, and which could have greater efficacy and lower risk than current therapies, especially for patients at high risk.
In the search for new antiviral compounds, bioinformatic resources have become a powerful tool to optimize and to analyze interactions between target proteins and antiviral candidates [37] , reducing time and costs involved in in vitro evaluation [7] . To date, databases that report, not only molecules with antiviral activity, but crystallized protein structures of great importance for viral replication (AVPdb database, PDB database) facilitates the search for therapeutic targets and leading antiviral compounds through molecular docking methods [10] .
The HEV capsid protein is one of these targets, and it is also immunogenic. This protein is an essential dimer for interaction with the receptor in the host cell [42] , facilitates the assembly of viral particles [1] and could be a good target to design and to evaluate antiviral molecules, because if an antiviral molecule blocks the capsid protein, infection could be inhibited. The HEV capsid protein monomer contains three domains, the Shell domain (amino acids 118-313), the Middle domain (amino acids 314-453) and the Protruding domain (amino acids 454-606) at the C-terminal end, which is considered the main antigenic domain [49] . In this region, amino acids 455-602 are well conserved among the four genotypes and it is the site of antibody binding [48] . The capsid protein gives the viral particle stability in both, alkaline and acidic environments, such as those of the gastrointestinal tract where the virus is exposed during its passage [50] .
Antiviral peptides (AVPs), a special group of antimicrobial peptides, are considered as the main line of defense of innate immunity in many organisms [47] . Some of them, produced in most cases by the innate immune system and mainly in the gastrointestinal tract [41] like defensins [17] , or produced as a bacterial metabolite mainly by lactic acid bacteria like bacteriocins [2] , have demonstrated high activity against various groups of microorganisms, including important viral pathogens as Astrovirus [23] and Hepatitis B virus [26] . In a particular example, Subtilosin, a bacteriocin first obtained from Bacillus subtilis, inhibits in vitro replication of Herpes Simplex Virus [36, 44] . AVPs are indeed, a novel class of natural compounds, which have been proved to possess antiviral activity, thus becoming a new alternative for the design of new antiviral molecules [31] .
Here we report six AVPs predicted from the sequence of bacteriocins and porcine Beta-Defensin-2, identified as antiviral candidates against HEV capsid protein through bioinformatic tools. Two virtual screening strategies for molecular docking were used, Autodock Vina and CABSdock, in order to test the affinity between the six in silico predicted AVPs and the HEV capsid protein and to establish the best interactions between them and a potential antiviral agent derived from Subtilosin was selected. This is the first report involving Hepatitis E capsid protein and a new possible antiviral peptide, using computational methods.
Materials and methods

Search of target sequences
The structure of HEV capsid protein was selected based on its importance for virus entrance to the host cell [11] and was retrieved from Protein Data Bank (PDB ID: 3RKC), taking into account that this structure have the highest resolution (1.79 Å ) among all of the reported proteins of this virus. The structure was prepared with PMV-1.5.6 tools removing water molecules from the system, adding only polar hydrogens and computing Gasteiger charges for energy minimization. The minimized structure was saved as a PDBQT file for the docking experiments.
Antiviral peptide design and modeling
Six antiviral peptides were predicted based on the sequences of Nisin, Subtilosin and Porcine Beta-Defensin-2 reported in the DEFENSINS knowledgebase database (http://defensins.bii.a-star.edu.sg/). From these sequences, fragments of 12-15 residues in length were selected, overlapping each 5 residues, using the AVPpred tool of the Antiviral Peptides database [37] . The resulting AVPs candidates where then analyzed with the antiviral prediction tool of AVPdb and those with a probability higher than 50% of being antivirals were selected; additionally, physicochemical properties such as net charge and Grand Average of Hydropathy (GRAVY) were calculated using ProtParam from ExPASy portal [46] and absorption and toxicity profiles was investigated using admetSAR tool [8] . The 3D models of the selected peptides were obtained in the I-TASSER prediction server [39] , and these structures were minimized adding charges with the default parameters in PMV-1.5.6 tools and saved as a PDBQT file format [45] .
Molecular docking
Interactions studies of HEV capsid protein with the six potential AVPs predicted were carried out using AutoDock Vina [45] and CABS-Dock on line server [24] . For Autodock Vina analysis, the grid box was defined using the online tool PeptiMap [25] , which predicts the ''hot spots'' or the best peptide-binding sites on the protein surface; all the docking assays were performed five times in a grid box with spacing of 1 Å and number of points in xyz = 24, the grid center was designated with the following dimensions, center x = -4.901, center y = -2.691 center z = 5.8, and with an exhaustiveness of 10. For CABS-Dock on line server, the binding pocket is restrained to only C-alpha atoms located within a 5-15 Å range from each other, allowing a first step with 10,000 models (10 trajectories by 1000 models) and filtering until the top 10 models. Binding affinity of the peptides to the surface of the HEV capsid protein was determined based on the affinity in terms of binding energy in Kcal/mol for five runs in Autodock Vina, and the RMSD value (root mean square deviation) in clustering tab for CABS-Dock. Analysis of all 3D structures generated, including the docking interactions were performed with the software Discovery Studio (Dassault Systèmes BIOVIA).
Results
Antiviral peptide selection, physicochemical characteristics calculations and modeling of 3D structures
Bacteriocins, Nisin and Subtilosin were analyzed to find antiviral peptides using AVPpred tool; from the 41 fragments obtained from Nisin three, nisin2, nisin25 and nisin27, showed a probability higher than 50% of being antiviral. One of the three peptides obtained from Subtilosin (subti1) showed a 51.8% probability of being antiviral (Table 1) . Using the sequence of Porcine BetaDefensin-2, six possible antiviral peptides were generated with the AVPpred tool, but just two of the sequences, pdef2 and pdef5, showed a probability higher than 50% of being antiviral ( Table 1 ). All of the predicted AVPs showed positive net charge and just subti1 showed tendency to be hydrophobic (GRAVY 1.05). Additionally, absorption parameters like aqueous solubility (logS values [-4 .0) and Caco-2 permeability ([70%) were favorable for all AVPs selected. In silico toxicity profiles resulted in non-carcinogens, neither toxic at acute oral concentrations (category III includes compounds with LD 50 values [500 mg/ kg but \5000 mg/kg); on the other hand, pdef2, pdef5 and nisin27 showed a tendency to have a natural ability to biodegrade to their natural state (Table 1 ). 3D structures of nisin2, nisin25 and nisin27 showed a tendency to be alpha helix, and AVPs candidates, pdef2, pdef5 and subti1, tended to have a coiled conformation (Fig. 1a) .
A bacteriocin derived peptide strongly interacts with Hepatitis E capsid protein
We examined the binding affinity of the six predicted peptides with Hepatitis E capsid protein using Autodock In-silico design and molecular docking evaluation of peptides derivatives from bacteriocins… 283
Vina and CABS-Dock web server. Five of the evaluated AVPs, pdef2, pdef5, nisin2, nisin25 and nisin27, showed binding energy values with the capsid protein above the threshold defined by Chang et al. of -7.0 kcal/mol [6] , but the predicted AVP subti1, a 15 amino acid peptide derived from Subtilosin displayed a good docking score of -7.0 ± 0.1 kcal/mol ( Table 2 ). The interaction of subti1 with the capsid protein was mediated by four hydrogen bonds (H-bonds) between K2-V503, K2-A504, N1-A504 in chain A, and S8-S474 in chain B of the target protein ( Fig. 2 ; Table 2 ). Distances between atoms of subti1 and atoms of the target protein were \3.0 Å in all contacts (Fig. 2b) , and the closer one, between K2 of subti1 and A504 of chain A of the HEV capsid protein, had a distance of 2.0 Å .
Flexible docking shows high accuracy between the interaction of predicted AVPs and Hepatitis E capsid protein
In order to validate the interactions of the predicted AVPs and the target protein by other methods, we used the CABS-Dock online server. The results using CABS-Dock indicate cluster interactions for all AVPs at distances \4.5 Å (Table 3) . However, the best docking interaction of nisin2 was found in the target protein close to the Fig. 1 Predicted antiviral peptides 3D structures and HEV capsid protein surface map. Antiviral peptides derived from Porcine betadefensin-2 (pdef2 and pdef5), Nisin (nisin2, nisin25 and nisin27) and Subtilosin (subti1) were modeled using I-TASSER server; N-ter domain is shown in blue and C-ter domain in red (a). HEV capsid protein binding site (black square) is mainly a neutral region (white areas) surrounded mainly by positive regions (blue areas) and a few negative regions (red areas) (b). All images were prepared using BIOVIA Discovery Studio (colour figure online) (Table 3) .
Discussion
The design of new antiviral molecules is a worldwide priority, mainly for those viral diseases which have neither, specific vaccine nor treatment available. Acute hepatitis caused by Hepatitis E virus is one of them, because for pregnant women and immunocompromised patients, considered the major risk population, current therapies using ribavirin or interferon are not a solution for them, as reported by WHO in 2014; therefore, new antiviral strategies should be developed. To achieve this goal, computational methods could help improving the search for antiviral molecules.
Computer-aided drug discovery (CADD) methods could be based on both protein structure or ligand activity [9] and they are being used in new drug design, reducing the cost and time associated with conventional methods in which hundreds of candidate compounds are experimentally tested in cell culture systems [7] . Using CADD methods, six new antiviral candidates based on antimicrobial peptides were predicted using reported sequences of Porcine BetaDefesin-2 and the bacteriocins, Nisin and Subtilosin. These antiviral candidates displayed low toxicity based on ADMET parameters and high probability of being antivirals according to AVPpred (Table 1) . However, there is not a consensus about the best prediction method for in silico drug discovery, and it is also known that the use of one method does not guarantee success in later steps of in vitro drug discovery [9] . Therefore, the combination of AutoDock Vina and CABS-Dock prediction methods used in this study, showed similar high-scoring hits for target-ligand interactions, enhancing the accuracy of our results. We demonstrate for the first time, a reliable interaction between subti1, a possible antiviral peptide derived from Subtilosin, with Hepatitis E capsid protein.
Based on the electrostatic potential analysis of the predicted binding site of HEV capsid protein, the reactive site is mainly neutral, surrounded by positive regions due to the presence of R460 and R466 residues in chain B (Fig. 1b) . Additionally, the possible reactive site is a well-defined pocket [27] , which is considered a favorable region for an extensive contact between the HEV capsid protein and ligands [38] , and has a core dominated by the hydrophobic In-silico design and molecular docking evaluation of peptides derivatives from bacteriocins… 285 residues W472, V501, V503 in chain A, and A467 and V470 in chain B, considered binding ''hot spots'' in protein-peptide interactions [27] . Due to the emergence of viral resistant phenotypes to conventional antiviral agents and the loss of effectiveness of current inhibitors [43] , other viral proteins like proteases, helicase and capsid proteins have become antiviral targets. Hepatitis C virus (HCV) is a widely studied viral model, and using CADD methods a natural bicycle diterpene was evaluated by molecular docking. This diterpene interacts with both, the native and the mutated structures of the HCV NS3-4A protease, with a docking score of -15.1 kcal/mol, and this interaction was mediated mainly by the presence of hydrogen bonds between the ligand and S, A and H amino acids in the target protein [5] ; in our study, the best interaction between subti1 and HEV capsid protein showed a docking score of -7.0 kcal/mol and was also mediated by the presence of A504 in chain A of the HEV capsid protein, forming two hydrogen bonds ( Table 2 ). In a similar way, bioflavonoids showed a promissory anti-HCV helicase activity, with high docking scores and with residues D and S as the main amino acids participating in the interaction [13] ; these residues were also mediating the interaction of HEV capsid protein and the AVPs designed in our study, suggesting that D and S could be crucial for AVPs interactions (Table 2 ). For HCV capsid protein a strongly interaction between naturalderived bioflavonoid has also been demonstrated; in this case, high docking scores according to Molegro Virtual Docker software were probably due to ten H-bonds involving three R residues [29] , and in the same way, all the interactions between the six AVPs reported in this study involved R460 in both chains ( Table 2 ).
The potential of antiviral peptides had been proved in vitro, for example, HCV core-derived peptides significantly reduced the number of infected cells with an EC 50 of 3.2 lM [22] . In nonenveloped virus such as Enterovirus, the search for new antiviral molecules also remains as a priority, and a novel pocket-binding inhibitor was found during the course of computational and in vitro studies with a promising IC 50 of 25 lM [21] . In spite that target proteins for enveloped virus are usually located in the envelope, new molecules had been evaluated against Dengue Virus (DENV) capsid protein. A small organic molecule inhibitor (ST-148) exhibited an in vitro antiviral activity against DENV with an IC 50 of 10 lM, and molecular docking revealed that this inhibition was probably due to the interaction between the inhibitor and amino acid S34 of the DENV capsid protein [40] . Although docking scores of predicted APVs derived from Porcine Beta-Defensin-2 and Nisin did not reach the -7.0 kcal/mol threshold, all the interactions observed were mediated by S (Table 2) ; this finding could turn into a relevant fact, because it has been demonstrated, that some anti HIV antivirals with lower binding energies as -2.88 kcal/mol, exhibited high antiviral activity in vitro [10] .
In other viral models, synthetic peptides with coiled conformation designed to interact with Hepatitis B core antigen, inhibited a crucial step in Hepatitis B virus morphogenesis, blocking binding of the envelope surface antigen to the core antigen with an IC 50 of 30 lM [30] , and similar to our results, where the best docking interaction occurred between subti1, a coiled peptide, and the target protein and where the interaction were also mediated mainly by S and R residues. Likewise, antiviral peptides designed using as models the N-term and C-term sequences of Influenza A Virus hemagglutinin displayed in vitro antiviral activity against different strains of Influenza A virus and the interaction between the designed peptides and the viral hemagglutinin was demonstrated by molecular docking strategies [28] . Other studies, also revealed that proline-rich peptides derived from venom toxins and insect antimicrobial peptides inhibit Influenza A virus replicon in more than 40%; and in vivo, those peptides protected mice from excessive body weight loss, a common clinical sign of the disease [20] . Jain and Piramanayagam, demonstrated that peptides derived from the sequence of commercial monoclonal antibodies, displayed high binding affinity (Zdock score [ 900) with Human Respiratory syncytial virus surface glycoprotein [19] . Using an opposite approximation, a cell receptor as target, positively charged and alpha helical designed peptides, according the basic model KAQKAQA, reduced the infection of human cytomegalovirus in more than 90%, probably blocking viral absorption [12] .
In this study, the interaction between HEV capsid protein and subti1 antiviral peptide candidate was mediated by four hydrogen bonds, one of them established with S474 in chain B of the target protein with a distance average between atoms of 2.4 Å , being the lowest compared to the other interactions (Table 2 ; Fig. 2b ). Currently, commercial antivirals against Influenza virus such as Oseltamivir had been evaluated in silico in order to understand their inhibitory potential, and it has been shown that distances found experimentally for hydrogen bonds between the target protein and the ligand were between 2.71 and 2.81 Å , and the results of in silico studies indicate that these distances were between 2.79 and 2.90 Å [4] , confirming the potential of in silico studies as a new antiviral prediction strategy. Subti1 also revealed a lower cluster average RMSD of 1.3 Å (Table 3) , indicating a high accuracy prediction for protein-peptide interaction [24] . RMSD values around 1.2 Å could be considered as a favorable distance for pharmacophore interactions [34] . Protein-protein interactions mediated by hydrogen bonds could imply higher affinities, and could make the complex stable for longer [32] , which indeed means, that the antiviral peptide subti1 could inhibit attachment of the HEV capsid protein to its cell receptor, indicating that this antiviral peptide, found by molecular docking, could be a promising candidate for in vitro assays.
In conclusion, bioinformatics tools have been widely used to discover new drugs, and are considered a powerful strategy for the pharmaceutical industry [31] . The docking strategy used in this study helped to identify a potential antiviral peptide with high affinity for HEV capsid protein; and revealed new data of possible binding pockets for drug design using the HEV capsid protein as a model. Further research will be conducted to evaluate the interaction between the HEV capsid protein and candidate peptides in vitro, to confirm their possible antiviral activity.
